Cytokinins promote cell division and chloroplast development in tissue culture. We previously isolated two mutants of Arabidopsis thaliana, ckh1 (cytokinin-hypersensitive 1) and ckh2, which produce rapidly growing green calli in response to lower levels of cytokinins than those found in the wild type. Here we report that the product of the CKH2 gene is PICKLE, a protein resembling the CHD3 class of SWI/SNF chromatin remodeling factors. We also show that inhibition of histone deacetylase by trichostatin A (TSA) partially substituted for cytokinins, but not for auxin, in the promotion of callus growth, indicating that chromatin remodeling and histone deacetylation are intimately related to cytokinininduced callus growth. A microarray experiment revealed that either the ckh1 mutation or the ckh2 mutation caused hypersensitivity to cytokinins in terms of gene expression, especially of photosynthesis-related genes. The ckh1 and ckh2 mutations up-regulated nuclear-encoded genes, but not plastid-encoded genes, whereas TSA deregulated both nuclear-and plastid-encoded genes. The ckh1 ckh2 double mutant showed synergistic phenotypes: the callus grew with a green color independently of exogenous cytokinins. A yeast two-hybrid experiment showed protein interaction between CKH1/EER4/AtTAF12b and CKH2/PKL. These results suggest that CKH1/EER4/AtTAF12b and CKH2/PKL may act together on cytokinin-regulated genes.
Introduction
Auxin and cytokinins play pivotal roles in plant development. In tissue culture, auxin and cytokinins induce cell proliferation and affect cell identities. Auxin induces lateral and adventitious root formation. Cytokinins inhibit auxin-induced root formation and act cooperatively with auxin to promote callus proliferation. Cytokinins also induce callus greening and shoot formation (Miller et al. 1956, Skoog and Miller 1957) .
The mechanisms for perception of cytokinins and the early steps of cytokinin signaling are well known. In Arabidopsis, three transmembrane histidine kinases, CRE1/WOL/AHK4, AHK2 and AHK3, function as cytokinin receptors (Hwang and Sheen 2001 , Inoue et al. 2001 , Ueguchi et al. 2001 . Upon cytokinin binding, these receptors autophosphorylate and then transfer the phosphoryl group to phosphotransfer proteins (Suzuki et al. 2002 , Mahonen et al. 2006a , Mahonen et al. 2006b ). The phosphoryl group is then transferred to response regulators [in Arabidopsis, Arabidopsis response regulators (ARRs)]. Phosphorylated type-B ARRs activate cytokinin primary response genes. Type-A ARR genes are directly activated by type-B ARRs, and type-A ARRs inhibit type-B ARRs, forming a negative feedback loop (Hwang and Sheen 2001 , Kakimoto 2003 , To and Kieber 2008 . A subset of AP2-family transcription factors, called CYTOKININ RESPONSE FACTORS (CRFs) , are also known to be targets of type-B ARRs, and, together with type-B ARRs, mediate cytokinin-regulated gene expression (Rashotte et al. 2006) . Although the early steps of cytokinin signaling are well known, downstream signaling events are not well understood.
Chromatin remodeling plays an important role in the regulation of many biological processes in both animals and plants through the regulation of gene expression. Two major groups of proteins with enzymatic activities directed toward chromatin are ATP-dependent chromatin remodeling factors and histonemodifying enzymes Horz 2002, Imhof 2006) . ATPase-dependent chromatin remodeling factors can directly change nucleosome structure by altering interactions between DNA and histone octamers, thereby changing the accessibility of nucleosomal DNA (Lowary and Widom 1998 , Langst and Becker 2004 , Boulard et al. 2007 . Core histone modifications such as acetylation, methylation, phosphorylation and ubiquitination are usually linked to chromatin remodeling and are also important for regulation of gene expression. The Chromodomain-Helicase-DNA-binding (CHD) 3 class of SWI/ SNF2 chromatin remodeling factors is involved in the regulation of gene expression controlling cell differentiation and stress responses in animals and plants. The CHD3 class is associated with histone deacetylation in animals. Histone deacetylases (HDACs) catalyze the removal of acetyl groups from the N-terminal tails of the core histones, making chromatin inaccessible to the transcriptional machinery (Hollender and Liu 2008) . The Arabidopsis CHD3 chromatin remodeling factor PICKLE (PKL) and the HDACs play important roles in plant development and have been implicated in plant hormone signaling by gibberellin, auxin and ABA (Eshed et al. 1999 , Ogas et al. 1999 , Ori et al. 2000 , Fukaki et al. 2006 , Perruc et al. 2007 , Hollender and Liu 2008 , Kim et al. 2008 ).
To elucidate the mechanism behind cytokinin-inducible callus greening, cytokinin-hypersensitive mutants were isolated by screening in a tissue culture system, and mutants with altered cytokinin-mediated cell proliferation and chloroplast development were isolated (Kubo and Kakimoto 2000) . The ckh1 and ckh2 mutants exhibit typical cytokinin responses in response to lower levels of cytokinins than in the wild type (WT), indicating that CKH1 and CKH2 negatively regulate cytokinin responses for callus growth. We recently learned that CKH1 is the same gene as EER4/AtTAF12b, which encodes a TATA-box binding protein (TBP)-associated factor TAF12-like protein (see the accompanying paper by Kubo et al. 2011) .
We report here that CKH2 is the same gene as PKL, which codes for a member of the CHD3 class of chromatin remodeling factors. Consistent with the physiological phenotypes of the ckh1 and ckh2 mutants, more genes responded to cytokinins in these mutants than in the WT. We propose that the chromatin remodeling factor CKH2/PKL and the TAF12-like protein CKH1/EER4/AtTAF12b coordinately control a subset of the cytokinin-regulated genes, which in turn control cell proliferation and chloroplast development.
Results
Mutations in the gene encoding CHD3, a chromatin remodeling factor, render Arabidopsis hypersensitive to cytokinin
The CKH2 gene was previously mapped to chromosome 2 between a CAPS (co-dominant cleaved amplified polymorphic sequence) marker m246 and the ERECTA (ER) gene (Kubo and Kakimoto 2000) . Through fine mapping, we further delimited the CKH2 locus within a region of about 77 kb on the bacterial artificial chromosome (BAC) genomic clone F13D4. In this region, 16 genes (At2G25100-At2G25250) were predicted by the GENESCAN program (http://genes.mit.edu/GENSCAN. html). By sequencing the 16 predicted genes, a point mutation was found in the PKL gene in both ckh2-1 and ckh2-2 mutants (Fig. 1A) . A T-DNA insertion line (SALK_033554/ckh2-3), mutated in At2G25170, also underwent greening and cell proliferation at lower levels of cytokinins than those in the WT ( Supplementary Fig. S1 ). In addition, a PKL cDNA driven by the 35S promoter rescued the ckh2 phenotypes (Fig. 1B) . Based on the presence of a mutation in the three independent ckh2 mutants and the complementation of ckh2 by PKL, we concluded that CKH2 and PKL are the same gene.
The CKH2/PKL gene encodes a member of the CHD3 class of SWI/SNF2 chromatin remodeling factor family proteins (Fig. 1C) . CKH2/PKL has a plant homeodomain (PHD) domain, a pair of chromodomains and an SWI/SNF2 ATPdependent chromatin remodeling domain (Fig. 1C) . The SWI/SNF2 domain moves histone octamers on the DNA strand by using energy from ATP hydrolysis. In animals, CHD3 class proteins exist in diverse complexes including the Mi-2/NuRD (nucleosome remodeling and histone deacetylation) complex, which involve histone deacetylase, and the dMEC complex, which represses target gene expression in a histone deacetylation-independent manner, although some CHD3 class proteins exist as a monomer (Kunert and Brehm 2009) .
The ckh2-2 mutation causes a change in the predicted amino acid sequence from glycine to arginine at residue 301, which is in a putative ATP-binding site of the conserved ATPase domain. The ckh2-1 sequence has an amber mutation at the position corresponding to amino acid 1,090, indicating that the C-terminal region of CKH2/PKL is necessary for the regulation of cytokinin response in calli. Our microarray data (GSE26297) showed that the CKH2 mRNA level in callus was unchanged by treatment with kinetin (a type of cytokinin), indicating that the repression of cytokinin responses at low cytokinin levels is not mediated by an increase in the level of CKH2 mRNA.
It was reported that, after seed germination, CKH2/PKL and its homolog PKR2 redundantly function to repress genes that are specifically expressed during seed development (Aichinger et al. 2009 ). Therefore, we examined whether PKR2 is involved in cytokinin responses for callus growth. The pkr2-2 mutant did not exhibit a cytokinin-hypersensitive phenotype in callus, and the ckh2-3 pkr2-2 double mutant showed a similar phenotype to ckh2-3 in cytokinin responses of callus ( Supplementary  Fig. S1 ).
WT hypocotyl segments typically produce many root primordia-like structures when cultured on 100 ng ml À1 2,4-D (a synthetic auxin and 0 ng ml À1 kinetin), whereas cytokinins repress root primordia formation and induce the formation of unorganized green calli (Kubo and Kakimoto 2000) . The ckh2 mutants are cytokinin hypersensitive for these responses. When treated with only 2,4-D and no cytokinin, the ckh2 mutants do not form adventitious root primordia; instead, they formed unorganized calli (Kubo and Kakimoto 2000) . Because this phenotype in the absence of applied cytokinin may represent an enhanced response to endogenous cytokinins, we next investigated the effect of the ckh2 mutation in the presence of a lower cytokinin signal input. Among the three cytokinin receptor genes of Arabidopsis, CRE1/AHK4/WOL plays the most important role for cytokinin perception during callus formation (Higuchi et al. 2004 ); cre1-1 mutants do not form green calli even when treated with high levels of cytokinin (Inoue et al. 2001 ). Therefore, we tested the effect of ckh2 in the cre1-1 background. The ckh2-1 cre1-1 double mutant resembled the ckh2-1 single mutant at low levels of cytokinin (Fig. 2) . However, at a high level of cytokinin (!100 ng ml À1 kinetin), the ckh2-1 cre1 double mutant exhibited less callus growth than did either the WT (accession Landsberg erecta, Ler) or the ckh2 single mutant. Most probably, the ckh2 mutation deregulates root primordia formation and callus growth in a cytokininindependent manner, at least to some extent. Examination of the effect of the ckh2 mutation in Arabidopsis mutants lacking all cytokinin receptor genes would give a clearer answer as to whether the ckh2 mutation de-regulates cytokinin responses in the absence of cytokinin signal input.
Inhibition of histone deacetylases partially promotes cytokinin-related responses in calli
Because CKH2/PKL is homologous to the Mi-2 subunit of HDAC-containing complexes in animals, we examined whether histone deacetylation is involved in cytokinin responses. Hypocotyl segments of WT Ler were cultured on media
Human Mi-2 Drosophila dMi-2 Fig. 2 CKH2/PKL regulates root primordia formation and callus growth independently from cytokinin. The phenotypes of the ckh2-1 cre1-1 double mutant and ckh2-1 single-mutant calli were similar at low levels of cytokinins, indicating that ckh2 is epistatic to cre1-1. The cre1-1 mutant produced root primordia and root hair in the absence of cytokinin, but cre1-1 ckh2-1 produced green unorganized calli, as did ckh2-1. Hypocotyl segments were cultured for 9 d on media containing the indicated concentrations of kinetin and 100 ng ml À1 2,4-D. A white bar indicates 3 mm.
containing various combinations of 2,4-D, kinetin and trichostatin A (TSA) (Fig. 3A) . Hypocotyl segments cultured on 2,4-D alone formed root primordia (Fig. 3B) ; addition of kinetin suppressed this root primordia formation (Fig. 3A) . In the presence of 2,4-D, TSA also suppressed auxin-inducible root primordia formation and induced unorganized callus tissue formation (Fig. 3A, C) . Kinetin, but not TSA, induced greening of callus in the presence of 2,4-D. Kinetin and TSA did not induce callus growth either alone or in combination. Thus, TSA partially substituted for kinetin, but not for 2,4-D.
Because the ckh2 mutation gave rise to cytokinin hypersensitivity of calli, we also examined whether inhibition of HDAC by TSA would increase cytokinin sensitivity. Indeed, low concentrations of TSA increased cytokinin sensitivity (Fig. 3D ).
The ckh2 mutation enhances responsiveness of cytokinin-inducible genes Because CKH2/PKL encodes a chromatin remodeling factor, and mutation of this gene causes cytokinin hypersensitivity, we examined gene expression patterns in WT and ckh2 mutant cultured hypocotyl segments in the presence of 100 ng ml À1 2,4-D and three different levels of cytokinin (0, 25 and 200 ng ml À1 kinetin; referred to as CK0, CK25 and CK200, respectively). Because TSA partially substituted for cytokinin in the previous experiments (Fig. 3A) , we also examined the effect of TSA on the gene expression pattern (also in the presence of 2,4-D).
In the WT, 272 genes were up-regulated !2-fold by a high level (200 ng ml À1 ) of kinetin ( Fig. 4A ; WT + CK200 vs. WT + CK0). These genes included cytokinin-inducible genes such as type-A ARRs and cytokinin oxidases CKX1 and CKX3 ( Supplementary Fig. S2 Fig. 4 The ckh2 mutation enhances the cytokinin sensitivity of cytokinin-responsive genes. Venn diagrams indicate the number of genes with (A) !2-fold (up-regulated) and (B) 0.5-fold (downregulated) expression in the presence of kinetin compared with the level in the WT in the absence of exogenous cytokinin (WT + CK0). CK0, CK25 and CK200 indicate treatments with 0, 25 and 200 ng ml À1 kinetin, respectively; all treatments included 100 ng ml À1 2,4-D. Signal value and fold change of genes that were up-(!2-fold) or down-( 0.5-fold) regulated in ckh2 + CK25 compared with WT + CK0 refer to Supplementary Tables S2 and S3 . (C) Expression levels of type-A ARR genes in the presence of the indicated concentrations of kinetin. The expression level of each experiment is shown in Supplementary Table S4 . 15 genes were up-regulated by a low level (25 ng ml À1 ) of kinetin (Fig. 4A, left panel) . In the chk2 mutant, 58 of the 272 genes were up-regulated !2-fold by 25 ng ml À1 kinetin (Fig. 4A, right  panel) .
In the WT, 224 genes were down-regulated to 0.5-fold by 200 ng ml À1 kinetin ( Fig. 4B ; WT + CK200 vs. WT + CK0); among these, only seven genes were also down-regulated by 25 ng ml À1 kinetin (Fig. 4B, left panel) . In the chk2 mutant, 74 of the cytokinin-repressed genes were down-regulated by 25 ng ml À1 kinetin (ckh2 + CK25 vs. WT + CK0) (Fig. 4B, right  panel) . These results indicate that some of the cytokinininducible and cytokinin-repressed genes that were affected only by a high concentration of cytokinin in the WT could be regulated by a lower concentration of cytokinin in ckh2 mutants, demonstrating that the ckh2 mutation enhances the cytokinin responsiveness of some cytokinin-regulated genes. It should be noted that ckh2 mutations also affected expression of non-cytokinin-responsive genes. The ckh2 mutant shows some cytokinin responses even in the absence of exogenous cytokinin (Fig. 2) . Similarly, some genes found to be up-or down-regulated by cytokinin in WT hypocotyls were up-or down-regulated by the ckh2 mutation alone, without added cytokinin ( Supplementary Fig. S3 ).
CKH2 does not affect cytokinin primary response genes
To investigate what types of genes are cytokinin hypersensitive, we examined the expression patterns of a class of cytokinin primary response genes, the type-A ARRs (Kakimoto 2003, To and Kieber 2008) . Here, the expression levels of type-A ARRs in both the WT and the ckh2 mutant were increased by cytokinin in a dose-dependent manner, and the expression patterns in the WT and the ckh2 mutant were similar for all cytokinin levels (Fig. 4C) . Moreover, expression patterns of other cytokinin primary response genes (Rashotte et al. 2003) were not affected by the ckh2 mutation in calli (Supplementary Table S1 ). These results indicate that most of the cytokinin primary response genes are not regulated by CKH2/PKL.
A set of photosynthesis-related genes is regulated by CKH1, CKH2 and histone deacetylation One set of genes up-regulated by cytokinin contained genes involved in photosynthesis, including PSI, PSII and the Cyt b 6 f complex (Fig. 5A, B) . In ckh1 and ckh2 mutants, more of these genes were induced by a low level of cytokinin than were induced in the WT. In the ckh2 mutant, these genes were up-regulated even without cytokinin. Many of the same genes were up-regulated by low cytokinin in both the ckh1 and ckh2 mutants. Among the photosynthesis-related genes, nuclear-coded genes, but not plastid-coded genes, were up-regulated by ckh mutations (Fig. 5B) . In contrast, TSA affected both nuclear-and plastid-encoded genes. (A) Photosynthesis-related genes with the same or higher signal values at WT + CK200 compared with WT + CK0 are shown in red (!2-fold), deep pink (<2-fold and !1.5-fold) or light pink (<1.5-fold and !1-fold), and genes with lower signal values at WT + CK200 compared with WT + CK0 are shown in dark blue ( 0.5-fold) or light blue (<1-fold and >0.5-fold). In the presence of 25 ng ml À1 kinetin, cytokinin-inducible genes were expressed at higher levels in ckh1 and ckh2 than in the WT. Many photosynthesis-related genes were de-regulated by TSA. CK0, CK25 and CK200 indicate treatments with 0, 25 and 200 ng ml À1 kinetin, respectively; all treatments included 100 ng ml À1 2,4-D. Fold changes in expression are in comparison with WT + CK0, and each value represents the average of two experiments. (B) Only nuclear-coded genes were up-regulated by cytokinin in the ckh1 and ckh2 mutants. Small circles shown in the larger circles labeled 'N' are nuclear-encoded genes, and those in circles labeled 'C' are plastid-encoded genes. 'LHC' refers to the light-harvesting complex. b6f, Cyt b 6 f complex; ATPase, F-type ATPase. Red circles indicate genes up-regulated by !2-fold in each of two experiments; pink indicates genes up-regulated by !1.5-fold, compared with WT + CK0. Expression levels of the photosynthesis-related genes are shown in Supplementary Table S5 . The list of photosynthesis-related genes refers to KEGG (Kyoto Encyclopedia of Genes and Genomes; http:// www.genome.jp/kegg/).
Root patterning genes are more severely repressed by cytokinin in ckh1 and ckh2 mutants than in the WT Because cytokinins repress auxin-induced root formation and cause unorganized cell proliferation, we compared expression of genes with important functions in cell patterning in the root. SCARECROW (Di Laurenzio et al. 1996) , SHORTROOT (Helariutta et al. 2000) , BABY BOOM (Boutilier et al. 2002 , Galinha et al. 2007 ), PLETHORA1 (Aida et al. 2004 ), PLETHORA2 and PLETHORA3 (Galinha et al. 2007) , and MAGPIE and JACKDAW (Welch et al. 2007 ) were all repressed by cytokinin: the effect of cytokinin for each of these genes was greater in the ckh mutants than in the WT (Fig. 6) . TSA also repressed these root patterning genes in the WT (Fig. 6) .
Some genes are similarly affected by cytokinin, the ckh2 mutation and TSA treatment In the WT, 36 genes (about 13%) of the 272 cytokinin-inducible genes were up-regulated in the presence of TSA ( Supplementary  Fig. S4A ), but 97 genes (about 43%) of the 224 cytokinin-repressed genes were down-regulated by TSA ( Supplementary Fig. S4B ). In particular, the root patterning genes were clearly downregulated by treatment with TSA, similar to the results seen with 200 ng ml À1 kinetin (Fig. 6) . This is consistent with the finding that TSA inhibits auxin-induced root formation and induces unorganized cell proliferation (Fig. 3B, C) . In contrast, TSA upregulates photosynthesis-related genes. However, unlike the ckh2 mutation, TSA induces both nuclear-and plastid-encoded genes (Fig. 5B) .
We next compared genes affected by the ckh2 mutation and by TSA in the presence of 2,4-D. Among the 232 genes up-regulated in the chk2 mutant compared with the WT, 78 genes (about 34%) were also up-regulated in the WT treated with TSA ( Supplementary Fig. S4C ). Similarly, among the 351 genes down-regulated in the ckh2 mutant compared with the WT, 127 genes (about 36%) were also down-regulated in the WT treated with TSA ( Supplementary Fig. S4D ). This suggests that a significant number of genes were affected both by the ckh2 mutation and by TSA ( Supplementary Fig. S4 ).
Genetic interaction between CKH1 and CKH2
A significant number of genes were similarly affected (i.e. either up-or down-regulated) in both ckh1 and ckh2 mutants (Fig. 7A, B) . In a previous study, mutants identified through random screening for cytokinin-hypersensitive phenotypes fell into complementation groups corresponding to the CKH1 and CKH2 loci (Kubo and Kakimoto 2000) . Furthermore, the ckh1 ckh2 double mutant produced green calli even in the absence of cytokinin (Fig. 7C) . This genetic interaction suggests that CKH1/EER4/AtTAF12b and CKH2/PKL may function in the same pathway.
Physical interaction between CKH1 and CKH2
To test the possible physical interaction between the CKH1/ EER4/AtTAF12b and CKH2/PKL proteins, we carried out a yeast two-hybrid assay. The full-length CKH1/EER4/AtTAF12b and truncated CKH2/PKL fragments (Fig. 7D) were used. When a CKH1-Gal4 DNA-binding domain (DBD) fusion was used as a bait protein, with a series of truncated CKH2-Gal4 activation domain (AD) fusions used as prey, DBD-CKH1 interacted with AD-CKH2-C2 (comprised of amino acids 702-1,196) and AD-CKH2-C3 (amino acids 862-1,196) (Fig. 7E) . When bait and prey were switched, AD-CKH1 interacted with DBD-CKH2-C (amino acids 702-1,384), DBD-CKH2-C2 and DBD-CKH2-C3 (Fig. 7F) . DBD-CKH2-C showed slight autoactivation. The reason why DBD-CKH2-C2 interacted with AD-CKH1 but AD-CKH2-C2 did not interact with DBD-CKH1 is unknown. The CKH2-C3 region has no homology with any domain of known function, but it contains the ckh2-1 and ckh2-3 mutation sites, suggesting the importance of this region in Arabidopsis.
Discussion
The ckh1 and ckh2 mutants are hypersensitive to cytokinins with respect to callus growth and greening (Kubo and Kakimoto 2000) . A substantial proportion of cytokininresponsive genes responded to cytokinins in a cytokininhypersensitive manner in the ckh2 (Figs. 4A, B, 5A, 6 ) and ckh1 (Kubo et al. 2011 ) mutants, and some of them were expressed at higher levels in ckh2 than in the WT even in the absence of exogenous cytokinin. However, the ckh2 mutation did not affect known cytokinin primary response genes (Fig. 4C,  Supplementary Table S1 ), indicating that CKH2/PKL regulates late processes in cytokinin signaling. Most notably, ckh2 affected genes functioning in photosynthesis and root development. Photosynthesis-related genes were induced by cytokinins, and the induction was enhanced in the ckh1 and ckh2 mutants. Among the cytokinin-responsive photosynthesis-related genes, only nuclear-encoded genes were expressed to higher levels in ckh1 and ckh2 mutants; chloroplast-encoded Table S6. genes were unaffected. This finding indicates that the bulk of nuclear-encoded photosynthesis genes are co-regulated by a mechanism involving CKH1/EER4/AtTAF12b, CKH2/PKL and cytokinin. In addition to the regulation of nuclear-encoded photosynthesis-related genes by cytokinin and ckh mutations, it was revealed that histone deacetylation was involved in the regulation of nuclear-and plastid-encoded photosynthesisrelated genes (Fig. 5B) . Because TSA also increased cytokinin sensitivity for callus growth and greening (Fig. 3D) , it would be interesting to examine the gene expression profile affected by TSA in the presence of a low cytokinin level.
Callus grown in medium containing a high level of auxin produces roots, whereas cytokinins inhibit root formation and induce unorganized cell proliferation. In the present study, genes for root development were repressed by cytokinins, and the repression was greater in the ckh mutants than in the WT (Fig. 6) . Hypocotyl segments treated with auxin form root primordia (Fig. 3B) . In our microarray study, RNA was prepared from 3-day-old callus derived from hypocotyl. It is possible that repression of these root development genes (PLT1, PLT2, PLT3, BBM, JKD and SHR) by cytokinins and ckh mutations may be responsible for the repression of root formation by cytokinin or ckh mutations in callus. However, because these genes are normally expressed in or near the root tips (Di Laurenzio et al. 1996 , Aida et al. 2004 , Welch et al. 2007 , it is also possible that repression of root development-related genes was a secondary effect of the repression of root primordia formation.
The ckh2 mutant is not only hypersensitive to cytokinins, but also shows some degree of cytokinin-like response that is independent of exogenously applied cytokinin. To test whether these responses represent enhancement of the response to endogenous cytokinins, we reduced the cytokinin signal by combining ckh2 with a cytokinin receptor mutation. In the cre1 background, ckh2 caused callus growth and greening, both of which were unaffected by exogenous cytokinin. Therefore, ckh2 causes cytokinin-type responses with even diminished cytokinin signal input. CKH2/PKL was also reported to repress embryonic traits during germination, and to be involved in the decision regarding organ polarity in the carpel, and in lateral root formation (Ogas et al. 1997 , Eshed et al. 1999 , Ori et al. 2000 , Fukaki et al. 2006 . Therefore, CKH2/PKL regulates diverse processes as well as cytokinin responses of callus. CKH2/PKL's role in repression of embryo genes has been examined in detail (Ogas et al. 1997 , Fukaki et al. 2006 , Perruc et al. 2007 , Aichinger et al. 2009 ). These findings led us to investigate whether PKL-dependent genes in germination were up-regulated by cytokinins or ckh2 mutation in callus. No de-regulation was observed ( Supplementary Fig. S5 ), suggesting that in callus, CKH2/PKL is dispensable for repressing PKL-dependent genes in germination. On the other hand, it would be interesting to examine whether embryo genes can be up-regulated by cytokinins in the root tips, where the effect of the ckh2/pkl mutation is evident (Ogas et al. 1997 , Ogas et al. 1999 .
The CKH2/PKL protein resembles the CHD3 class of proteins in animals. CHD3 proteins possess one or two PHD domains, a pair of chromodomains and an SWI/SNF2 helicase domain (Eshed et al. 1999 , Ogas et al. 1999 , Marfella and Imbalzano 2007 . In animals, CHD3 forms a component of the Mi-2/ NuRD complex (Ramirez and Hagman 2009) , which deacetylates histone H3 with the help of ATP-dependent helicase activity and functions to repress target gene expression. It is also a component of the HDAC-independent dMec complex in animals (Kunert and Brehm 2009) . However, it is controversial as to whether CKH2/PKL is also a component of a NuRD-like repressive complex for several reasons. First, PKL/CKH2 has only a single PHD domain. Animal CHDs associate with the NuRD components using the second PHD domain within the tandem pair of PHD domains (Musselman et al. 2009 ). Secondly, Arabidopsis lacks genes for several NuRD components (MTA, p66 and MBD), which associate with CHD3 in animal NuRD complexes. Nevertheless, our results suggested that inhibition of histone deacetylases had cytokinin-like effects on callus growth (Fig. 3) . The sets of genes induced by the ckh2 mutation and by TSA treatment partially overlapped ( Supplementary  Fig. S4 ). At this point, it is yet to be clarified whether CKH2/ PKL functions in histone deacetylation.
The CHD3 class of chromatin remodeling factors could also be recruited to chromatin by interaction with cell typespecific transcription factors, including BCL-6, Hunchback and Tramtrack 69 (Kehle et al. 1998 , Murawsky et al. 2001 , Fujita et al. 2003 , Fujita et al. 2004 , and regulate target genes of these transcription factors in animals. Therefore, CHD3s regulate a limited range of genes. The ckh2 mutation also affected only several hundreds of genes (Fig. 4, Supplementary Fig. S3 ). Of the ckh2 mutation-dependent genes (they were changed in ckh2 + CK0 compared with WT + CK0), approximately 90% were not cytokinin response genes in callus ( Supplementary  Fig. S3 ). However, with treatment with a low level of cytokinin, the percentages of cytokinin-responsive genes were approximately 20 and 30% of ckh2 mutation-dependent genes (upand down-regulated genes in ckh2 + CK25 compared with WT + CK0, respectively) (Fig. 4) , suggesting that the gene regulation of cytokinin-responsive genes in callus is one of the important functions of CKH2/PKL.
A complex relationship between Polycomb group (PcG) complexes and PKL has been described. PKL and PKR2 activate genes for the products of PcG complexes, such as EMF2, CLF and SWN, but also directly activate and indirectly repress PcG target genes (Aichinger et al. 2009 ). Interestingly, cyr1, which is a recessive allele of EMF2, is resistant to cytokinins (Deikman and Ulrich 1995) . To our knowledge, ckh1 and ckh2 are the only cytokinin-hypersensitive mutants identified through forward genetic screening, and cre1, cyr1/emf2 and mutants defective in ethylene signaling are the only cytokinin-resistant mutants that have been identified in this way. Mutants of ethylene signaling genes are resistant to cytokinins with respect to cytokinin-induced root growth retardation; in the WT, cytokinin-induced ethylene production inhibits root growth (Cary et al. 1995) . However, they are not resistant to cytokinins with respect to callus growth. The fact that the cytokinin response mutants cyr1/emf2 and ckh2 harbor mutations in genes encoding a component of PcG and a chromatin remodeler, respectively, suggests the importance of chromatin regulation in the control of cytokinin responses.
We recently learned that CKH1 encodes a protein resembling TAF12 (Kubo et al. 2011) . Although TAF12 associates with the TFIID basic transcriptional factors in animals, CKH1 as well as the TAF12 proteins of other organisms (Gazit et al. 2009 ) control a rather small number of genes, suggesting that TAF12 proteins have specific targets. A substantial proportion of up-regulated genes in ckh1 and ckh2 mutants, and downregulated genes in ckh1 and ckh2 mutants, were the same (Fig. 7A, B) ; furthermore, the ckh1 and ckh2 mutations synergistically affected cytokinin responses during callus formation (Fig. 7C) . These results suggest that CKH1/EER4/AtTAF12b and CKH2/PKL act in the same pathway. Our yeast two-hybrid assay suggests direct interaction between CKH1/EER4/AtTAF12b and CKH2/PKL. In our microarray experiment, CKH1/EER4/ AtTAF12b and CKH2/PKL are expressed in WT callus (Supplementary Table S13 ). In addition to their expression in calli, CKH1EER4/AtTAF12b and CKH2/PKL were expressed ubiquitously (Eshed et al. 1999 , Ogas et al. 1999 , Fukaki et al. 2006 , Robles et al. 2007 AtGenExpress) . CKH1/EER4/AtTAF12b (Robles et al. 2007 , Kubo et al., 2011 and CKH2/PKL (Li et al. 2005) were localized in a nucleus. The co-expression and co-localization of CKH1/EER4/AtTAF12b and CKH2/PKL, together with the genetic interaction of these genes in plants and the interaction of the products of these genes in the yeast two-hybrid assay suggest that CKH1/EER4/AtTAF12b and CKH2/PKL may function in the same complex. A speculation would be that CKH1/EER4/AtTAF12b is related to DNA binding (Gazit et al. 2009 ) and CKH2/PKL functions in chromatin remodeling in the possible CKH1-CKH2 complex.
It should be noted that CKH1/EER4/AtTAF12b and CKH2/ PKL could also function independently from each other to repress cytokinin responses of callus in low cytokinin conditions, because the overlap of the genes affected by ckh1 and ckh2 was partial, and the extent of callus greening and growth in the absence of cytokinins was less in ckh1 and ckh2 single mutants than in the strong ckh1 ckh2 double mutant. To summarize, CKH1/EER4/AtTAF12b and CKH2/PKL may function together in part, but they also have independent functions, to repress cytokinin responses at low cytokinin levels.
Materials and Methods

Plant materials and culture conditions
The ckh2-1 and ckh2-2 mutants were isolated from an ethyl methanesulfonate (EMS)-mutagenized population of the Ler ecotype of A. thaliana (Kubo and Kakimoto 2000) . The ckh2-3 mutant was obtained from a SALK T-DNA insertion line, SALK_033554, of the Columbia (Col) ecotype. No full-length CKH2 message was detected in this mutant ( Supplementary  Fig. S6 ). The cre1 mutant was described by Inoue et al. (2000) . For the microarray analysis, Ler WT, ckh1-1 and ckh2-1 plants were used. Tissue culture conditions are described in Kubo et al. (2011) .
Map-based cloning
Plants homozygous for the ckh2-1 mutation were crossed with WT plants of the Col ecotype. The progeny of these crosses were self-pollinated, and the resultant seeds (F 2 ) were allowed to germinate and grow aseptically. Hypocotyl segments were excised from the F 2 seedlings and cultured on GM including 100 ng ml À1 2,4-D and 25 ng ml À1 kinetin, and DNA samples were extracted from green, rapidly growing calli. The map position of the CKH2 locus was determined by measuring the recombination frequencies between the mutant phenotype and CAPS markers (Konieczny and Ausubel 1993) or simple sequence length polymorphism (SSLP) markers (Bell and Ecker 1994) .
Complementation of ckh2
The DNA fragment between primer No. 1991 (5 0 -TCCCCCGGG TTTCAAAGAAAATGAGTAGTTT-3 0 ) and primer No. 1992 (5 0 -GGGGTACCTCAATCAACGACCATGTTCTT-3 0 ), which spanned the PKL gene, was subcloned into the plant transformation vector pTK014. The pTK014 vector contains the tobacco mosaic virus 35S promoter with duplicated enhancers.
DNA microarray analysis
Ler WT, ckh1-1 and ckh2-1 mutants were used for microarray analysis. Hypocotyl explants were cultured on media containing 100 ng ml À1 2,4-D and either 0 ng ml À1 kinetin (CK0), 25 ng ml À1 kinetin (CK25), 200 ng ml À1 kinetin (CK200) or 100 ng ml À1 TSA (TSA 100) under continuous illumination at 23
C for 72 h. By this point no visible changes in the color or shape of the callus were detectable by the naked eye. Total RNA was extracted by using the RNeasy Plant Mini Kit (Qiagen) and used for microarray analysis with the method described by Kubo et al. (2001) .
